The adsorption and degradation on montmorillonite of s-triazine, the parent compound of a major group of triazine-based herbicides, were studied by Fourier-transform infrared spectroscopy. The original s-triazine appeared to hydrolyze with residual bound water in montmorillonite at 20"C to produce formamide, which formed an intercalate with the clay. A mechanism for the conversion of s-triazine to formamide was proposed which does not support earlier reports that formic acid and ammonia are the reaction products. The infrared spectrum of the formamide-Na-montmorillonite intercalate suggests that formamide reacted with the exchangeable Na cation and that the NH2 group hydrogen bonded with the clay. Assuming the intercalated formamide molecule to be planar, the molecular plane was found to be inclined at ~33 ~ with respect to the plane of the silicate sheet. C-N and C-O bonds were also found to be tilted at the same angle with respect to the clay surface. The proposed orientation is in good agreement with the measured value of d(001) for the formamide-Na-montmorillonite complex. The proposed model of the formamide-montmorillonite complex serves as a basis for comparison of other clay-amide complexes that are important in protein-clay interactions.
INTRODUCTION
Infrared (IR) studies Cruz and White, 1972; Russell et al., 1968) have shown that adsorption of certain substituted s-triazines (e.g., propazine and atrazine) on acidic montmorillonite surfaces produces degradation of the herbicides by protonation and hydrolysis. Brown and White (1969) studied the reactions of a wide range of substituted s-triazines with soil clays and found protonation and hydrolysis to occur only for certain compounds.
The interaction ofs-triazine, a compound highly susceptible to nucleophilic attack, with montmorillonite surfaces has not been previously reported. That the compound undergoes hydrolysis to yield formic acid and ammonia apparently has been well-documented (Modest, 1961; Grundmann, 1968; Acheson, 1967) . On the other hand, Joule and Smith (1979) suggested that the hydrolysis product is formamide. Both reaction schemes necessarily involve a ring-opening step from the starting s-triazine molecule.
In the present study, the IR spectra of s-triazine originally adsorbed on Na-montmorillonite clay are reported. The experimental evidence indicates the existence of intercalated formamide as the reaction product from the hydrolysis of s-triazine in the interlamellar region of Na-montmoriUonite. Despite extensive IR studies Mortland, 1966a, 1966b) of complexes of primary, secondary, and tertiary amides with various cation-exchanged montmorillonites, no data have been reported on the formamide-montmo-riUonite complex. A comparison of the IR spectra of this complex with those of other formamide-kaolin intercalates (Ledoux and White, 1966; Cruz et al., 1969; Olejnik et al., 1971 ) is therefore of interest. Further, a study of formamide interaction with montmoriUonite should contribute to a general understanding of protein-clay interactions, inasmuch as amides play an important role in protein and peptide structural chemistry. In the present work, the orientation offormamide in the complex was deduced from polarized, attenuated total-reflectance spectra.
EXPERIMENTAL

Materials
The Na-montmorillonite used was the < 2-gm fraction of Wyoming bentonite (Crook County, Wyoming) obtained from the Source Clay Minerals Repository of The Clay Minerals Society. Self-supporting thin films (2-4 mg/cm 2) of the clay were prepared by sedimentation from a 3% aqueous suspension of Na-montmorillonite onto a thin polyethylene sheet and allowing the water to evaporate. The air-dried clay film was readily detached from the polyethylene sheet by carefully inserting a thin edge of a metal blade and bending the sheet downward. The thin film was cut into a 13mm-diameter disc for mounting on a conventional KBr disk-type holder. In addition to self-supporting films, experiments were also carried out on Na-montmoril- I  I  I  I  I  I  I  I   3soo  3400  3000  a6oo  2zoo  laoo  14oo  iooo  6oo Wovenumbers (cm -I) Figure 1 . Infrared spectra of: (a) s-triazine; (b) s-triazine after adsorption on Na-montmorillonite self-supporting film for 2 days; (c) after standing for 5 days; (d) after standing for 24 days. Most intense feature and most other weaker bands in the region 1100-700 cm -~ are due to silicate absorptions of the clay. lonite films evaporated from aqueous suspensions on a germanium substrate.
The s-triazine (purity 99%) was from Merck; it was kept in a silica-dried desiccator prior to use. The formamide (99% pure) was from BDH and was dried by direct contact with freshly activated molecular sieves for several days before use.
Adsorption experiments
Adsorption ofs-triazine on the montmoriltonite film was carried out under reduced pressure by evacuating the clay film to 0.01 mm Hg for 15 rain before allowing it to come in contact with the vapor phase over a period of 20-24 hr at 20~ The sample was evacuated for 15 min before recording the spectrum. A self-supporting film of the clay was also immersed in an ethanol (dried, 99.8%) solution of s-triazine. Following adsorption overnight, the sample was evacuated briefly for 10 min before its spectrum was recorded. This brief evacuation was necessary to eliminate the ethanol and the weakly held, physically adsorbed s-triazine on the clay. Results from vapor adsorption and solution adsorption were Nguyen Clays and Clay Minerals 
Infrared spectroscopy
Infrared (IR) spectra were recorded on a Digilab FTS 15/90 Fourier-transform infrared spectrometer having 4-cm-~ resolution. The interferometer incorporated a germanium-coated KBr beam splitter and a deuterated triglycine sulfate detector. The spectra were processed by a dedicated Data General Nova 4 computer having 64-K memory and operating on 50-MB disks. Transmission spectra were recorded for self-supporting films or for films deposited on germanium. Polarized, attenuated total-reflectance (ATR) spectra were recorded utilizing a RIIC TR-5 Micro ATR unit set at 32 ~ angle of incidence and which incorporated a polyethylene wire-grid polarizer. The clay sample was deposited on the planar surface of the germanium hemicylindrical optical element of the ATR assembly.
RESULTS
Adsorption of s-triazine
The IR spectra of the s-triazine/Na-montmorillonite system are shown in Figure 1 . Full assignments of the vibrational spectra of s-triazine have been reported (Goubeau et al., 1954; Lancaster et al., 1961; Daunt et al., 1976) . Compared with the spectrum of the orig- I  I  r  I  I  I  I  I  I  I  I  I  I  3800 3400 3000 2600 2200 1800 1400 I000  600 Wovenumbers (cm -i) Figure 3 . Infrared spectra offormamide, formed from s-tfiazine hydrolysis, intercalated on Na-montmofillonite: (a) before interacting with D20 vapor; (b) after interacting with D20; (c) after pumping offD20 for 20 min; (d) after pumping off D20 for 1 hr.
the clay self-supporting film after adsorbing s-triazine for 2 days (Figure lb) showed only a few absorptions attributed to the fundamental modes of the adsorbed s-triazine. A very weak band near 3050 cm -~ was assigned to the g(=CH), two sharp bands at 1560 and 1412 cm-' to two ring-stretching modes, and two weak bands near 722 and 675 cm-' to two ring-bending modes (Table 1) . After the specimen had been allowed to stand for several days, the spectrum was recorded again (Figure 1 c). Compared with Figure 1 b, the main difference was the disappearance of the adsorbed s-triazine bands at 1560, 1412, 722, and 675 cm-L Obviously, the bands that remained arose from a completely different species. The existence of this species is evident from the spectral differences shown in Figure 2 . The second species was strongly held even after the specimen had been stored at ambient conditions for 3 weeks (Figure ld) .
Exposing the self-supporting clay film containing the second type of adsorbed species to D20 vapor gave rise to spectral band shifts ( Figure 3) . The strong overlapping features at 3475, 3375, 3325, 3250, and 3180 cm -1 shifted to 2665, 2600, 2545, 2480, and 2430 cm ~, all by an almost constant factor of 0.76. The positions of the bands at 2900, 1597, and 1393 cmwere essentially unchanged. The sharp, intense band at 1690 cm -~ shifted slightly to 1683 cm -~, and the broad, weak absorption at 1312 cm t shifted to about 1345 cm-~ (Figures 3a and 3b ). These spectral changes were reversible inasmuch as the spectrum in Figure 3a was almost restored after D20 had been pumped off from the sample at room temperature (see Figure 3d ). If both types of species were present (such as in the sample shown in Figure lb) , the spectrum assigned to the adsorbed s-triazine showed little change on adding D20; only the spectrum due to the second species was perturbed. These observations confirmed the coexistence of the two types of species in the interlayer region of the montmorillonite.
The spectra of ammonium formate and formic acid adsorbed on Na-montmorillonite self-supporting films (Figures 4a and 41) ) are similar but dearly different from that resulting from originally adsorbed s-triazine (Figure lc) because of the absence of two well-defined bands at 2900 and 1395 cm -~ (see below). This difference argues against the possibility that formic acid and/or ammonium formate formed by hydrolysis of s-triazine. The formation of cyanuric acid (1,3,5-triazine-2,4,6-triol) is also ruled out because of the absence Nguyen of the three intense v(C=O) bands at 1780, 1750, and 1725 cm -~ that characterize this compound.
The spectrum of formamide adsorbed on Na-montmorillonite self-supporting films (Figure 4c ) is remarkably similar to that resulting from s-triazine originally adsorbed on the same clay (Figure l c) . Further, the spectrum of adsorbed formamide exhibited the same type of behavior upon interaction with D20 as the spectrum illustrated in Figure 3 . Thus, formamide formed by hydrolysis of s-triazine in the interlamellar space of Na-montmoriUonite. The hydrolysis was probably caused by residual bound water in the clay and not by atmospheric moisture because the broad band near 1635 cm-1, characteristic of physically adsorbed water (Dowdy and Mortland, 1968) , was absent in the spectrum of the originally adsorbed s-triazine. The existence of highly dissociable residual water that participates in chemical reactions on montmorillonite clay surfaces was previously reported by Russell et al. (1968) .
Spectrum of intercalated formamide
In the spectrum shown in Figure 4c , the NH-stretching modes of formamide are 3475, 3375, 3325, 3250, and 3180 cm -1. The main features at 3475 and 3325 cm-~ were assigned to the asymmetric and symmetric v(NH2) modes, respectively, in agreement with Olejnik et al. (1971) . Ledoux and White (1966) assigned bands at 3500 and 3380 cm -1 to the asymmetric and symmetric u(NH2) , and a much weaker band near 3225 cm -1 to a u(NH) mode involved in strong hydrogen bonding. Hydrogen bonding in the liquid produces self- associated formamide and decreases the v(NH) vibrations to lower wavenumbers than the gas phase values (Evans, 1954) . The NH stretching vibrations of the formamide-Na-montmorillonite complex in the present study were similar to those of formamide in SO2
solutions (Gardiner et al., 1979) which have been interpreted as showing some partial break-up of hydrogen bonding in liquid-state formamide (see Table 2 ). The band at 2900 cm -1 (Figure ld) is almost certainly due to the p(CH) mode of adsorbed formamide. This mode appeared near 2881 cm -1 in the IR spectrum of the liquid (Evans, 1954; Puranik and Ventaka Ramiah, 1959; Smith and Thompson, 1972) and at 2852 cm -1 in the vapor phase (Evans, 1954) and was considered to be sensitive to cation interaction in electrolyte solutions by Bukowska and Miaskiewicz ( 19 81) (see below).
The strongest absorption in the spectrum of complexed formamide at 1690 cm -1 ( Figure lc) was assigned to the v(C=O) mode (see below). Two much weaker components were also present near 1753 and 1725 cm-'. Formamide in the vapor phase has a strong absorption at 1756 cm -1 that shifts to 1713 cm -1 for the monomers and to 1681 cm-t for associated dimeric species in the liquid (Evans, 1954) . For the formamidekaolinite complex, Ledoux and White (1966) assigned the band at 1720, 1690, and 1675 cm -t to u(C=O), but Olejnik et al. (1971) reported only one band at 1675 cm-t due to the same mode. The behavior of the 1598em-1 band, assigned to the NH2-in-plane bending mode of formamide, is in apparent contrast to the sensitivity of the NH2-stretching modes to D20. The literature data on the sensitivity of the 6(NH2) of formamide on N-deuteration are conflicting (Evans, 1954; Suzuki, 1960; Smith and Thompson, 1972; Rasanen, 1983) , however, and more studies will be necessary.
The fairly broad, weak band at 1315 cm -1 in the spectrum of the formamide-Na-montmorillonite complex noted here agrees well with the 1315-cm-x band for formamide-kaolinite complexes (Olejnik et al., Vol. 34, No. 5, 1986 Infrared study of formamide-Na-montmorillonite complex 525 that the molecule is planar and that the molecular plane is inclined at ~33 ~ with respect to clay surface. Circles denote van der Waals atomic radii; only lower clay surface is shown. Structural parameters for formamide were adopted from those reported by Kitano and Kuchitsu (1974 1971; Cruz et al., 1969) which was assigned by Olejnik et al. (1971) to the u(CN) mode. More recently, Rasanen (1983) assigned a similar broad band at 1304 cm-t for formamide in nitrogen matrices to an interaction between the v(CN) and an overtone of the NH2wagging mode. The assignment of the 1315-cm-1 band in the present study to such a mixed vibration is consistent with its broad bandwidth and its shift to 1345 cm -~ upon interaction with D20. A weak band near 1280 cm-] must consequently be assigned to the v(CN) mode. Two other weak bands near 1050 and 605 cm -~ were attributed to the C-H out-of-plane and N-C=O in-plane bending modes, respectively (Evans, 1954; Smith and Thompson, 1972) .
Polarized, attenuated total-reflectance spectra
The polarized ATR spectra of the formamide-Namontmorillonite complex are shown in Figure 5 . The mathematical calculations were developed based on those originally reported by Fraser (1953 Fraser ( , 1958 and Mosteller and Wooten (1968) ; this method has been successfully applied to other organic-clay complexes (Raupach et al., 1975 (Raupach et al., , 1979 Raupach and Janik, 1976) . The method of preparing a thin film of Na-montmorillonite on the planar surface of the germanium hemicylindrical element of the ATR unit produced a welloriented sample with the (001) plane of the clay mineral predominantly in the plane of the film, as indicated by the silicate absorptions of the clay in the region 1120- 1 st = strong, m = medium, w = weak, vst = very strong, vw = very weak, sh = shoulder. 2 Vas = asymmetric stretching, vs = symmetric stretching, v = stretching, 6 = bending, 3' = twisting, w = wagging, i.p., in plane, o.o.p. = out of plane.
3 See text for assignment.
700 cm -l (not shown in Figure 5 ). For the intercalated formamide, the intensities of the bands due to the v(CH), v(CO), 6(NH2), and 6(CH) modes were different in the two polarized spectra (Figures 5a and 5b) . The angles with respect to the clay surface for the transition moments associated with various vibrations of the formamide are shown in Table 4 . The model of the molecular orientation is shown in Figure 6 . The directions of the transition moments due to the 2900-cm i v(CH) and 1695-cm -l v(CO) modes were both estimated to be about 33 ~ from the plane of the silicate sheet. The angle of the 6(NH2) was also 33 ~ The dipole change associated with this mode should be along the bisector of the H -N -H angle and, therefore, should lie along the direction of the C -N bond if the two amide hydrogens lie in the same plane as the N -C = O group. The exact spatial structure of liquid formamide has not been determined (see Evans, 1954; Costain and Dowling, 1960) , but it must have Cs symmetry if it is completely planar (Smith and Thompson, 1972) . The weakness of the band near 1280 cm -1 assignable to the v(CN) and the broadness of the overlapping feature near 1315 c m -~ due to a mixed mode of v(CN) and 2 x wag(NH2) preclude an estimate of the orientation of the former vibration. Both the u(CO) and v(CN) modes were, in fact, mixed vibrations (see Evans, 1954; Suzuki, 1960; Ito and Shimanouchi, 1972; Gardiner et al., 1979) ; they have been assigned as asymmetric and symmetric stretchings of the N -C = O group.
In view of the lengthy discussion in the literature of the geometry of the formamide structure, the molecule was assumed to be planar in the present complex. Thus, the formamide molecule was in a plane which was tilted to about 33 ~ with respect to the plane of the silicate sheet. The proposed molecular model is consistent with the observed orientations sho~vn in Table  4 . The C -N and C -H bonds were also inclined at the same angle from the silicate plane. The direction of the C-H-stretching mode was consistent with the observation that the out-of-plane C-H-bending mode near 1050 cm -~ was almost parallel to the clay sheet. The proposed orientation was further confirmed by the observed angle of the m o m e n t associated with the asymmetric v(NH2) mode at 3475 cm -~, which was found to be close to that for the C -H bond.
The d(001) value for the f o r m a m i d e -N a -m o n t m orillonite complex was found to be 12.5/~. This value represents the stable formamide complex whose IR spectrum is shown in Figures lc and ld. On the basis of the molecular model consistent with the observed orientations described above, the increase in d(001) (from 9.6 A for Na-montmorillonite) was estimated to be 3.0 _ 0.2 ,~ (see Figure 6 ). The good agreement between the estimated and measured d(001) values further confirms the assertion that formamide formed a stable complex in the interlamellar region of the clay.
D I S C U S S I O N
Hydrolysis of s-triazine
The data reported above show that the hydrolysis o f s-triazine produced formamide as the intercalated species in Na-montmorillonite. The I R evidence do not support early reports (Modest, 1961; Acheson, 1967) that formic acid and ammonia form as the reaction products. The aromatic character of s-triazine is less pronounced than that of benzene because the former has the contribution of a polar mesomeric form that contains an additional pair of unshared electrons on the nitrogen atoms and a positive charge on the carbon atoms.
The relative electron deficiency of the ring carbon atoms makes them susceptible to nucleophilic attack, such as by residual water in the clay. The nucleophilic addition by water leads to a greatly stabilized intermediate in which the negative charge is distributed over the three nitrogen atoms, as follows: This scheme is consistent with the mechanism proposed for ring cleavage ofs-triazine by primary amines (Grundmann and Kreutzberger, 1955) .
Exchangeable-Na+-formamide interaction Mortland (1966a, 1966b) showed that amides could be protonated in acid montmorillonite and that ion-dipole interaction was important in Cumontmorillonite. The latter manifests itself in the form of a coordinate bond between the transition metal cation and the CO group. This type of coordinate bond has been considered by Tahoun and Mortland (1966b) to be weakest for Na-montmorillonite. In the present formamide complex, no evidence was found for a protonated formamide species, such as the IR spectra reported for acetamide cation in hydrogen-and aluminum-exchanged montmorillonites (Tahoun and Mortland, 1966a) . The absence of a protonated formamide species is not surprising, inasmuch as protons dissociated from residual water in Na-montmorillonite should not produce an acidity strong enough, i.e., pH <0.8 (Berger et al., 1959) , to protonate amides.
Electrostatic potential and CNDO/2 calculations (Politzer and Daiker, 1981; Bukowska and Miaskiewicz, 1981) , consistent with the polar resonance structures of the formamide molecule, showed that the predominant, favorite site of a positive charge (e.g., H § or Li +) for interaction with the amide was along the C-O bond direction and in the N-C=O plane. Therefore, ifNa § and formamide reacted in the present complex, the cation likely occupied this favorable site. Such an interaction could have resulted in the perturbation of the v(CH) mode, because this vibration has been shown to be particularly sensitive to cation interaction (Bukowska and Miaskiewicz, 1981) . For perchlorate salt systems, it shifts from 2870 cm ~ in the absence of salt to 2897 for NaC104, 2907 for LiCIO4, and 2920 cm -~ for Ca(C104)2; the shift was interpreted by Bukowska and Miaskiewicz (1981 ) in terms of a decreased delocalization of the oxygen lone pair electrons, trans to the C-H bond, into an anti-bonding tr orbital of that bond. The observed v(CH) at 2900 cm ' in the present study was practically the same as that reported for the NaC104-formamide system. The experimental results (Table 3 ) therefore suggest an interaction between the adsorbed formamide and the exchangeable Na of the clay. Ledoux and White (1966) argued that intercalation resulted in complete monomerization of liquid formamide immediately followed by hydrogen bonding between the NH2 and CO groups of the isolated molecule and the internal kaolinite surfaces. In the present study, the weak v(CO) components at 1753 and 1725 cm -t confirmed the presence of a small proportion of monomeric formamide species coexisting with the predominant dimeric species; the presence of the latter were indicated by the principal v(CO) absorption at 1690 cm-L Both monomeric and dimeric formamide species were involved in hydrogen bonding through the NH2 group to the oxygens of the silicate tetrahedral layer of the clay. Such hydrogen bonding interaction has been shown to be the important interlamellar force stabilizing the formamide in the clays (Adams and Jefferson, 1976; .
Hydrogen bonding interaction
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